nature neurOSCIenCe a r t I C l e S Infants born prematurely (23-32 weeks gestation) are at high risk of developing DWMI, which is often linked to chronic hypoxia 1,2 . DWMI, also known as bilateral periventricular leukomalacia, is a leading cause of long-term neurological damage, which manifests as behavioral, cognitive or motor defects 3, 4 . DWMI is associated with severely disrupted development of the subcortical white matter 5 and has been linked to the loss of late NG2 cells 6, 7 .
a r t I C l e S Infants born prematurely (23-32 weeks gestation) are at high risk of developing DWMI, which is often linked to chronic hypoxia 1, 2 . DWMI, also known as bilateral periventricular leukomalacia, is a leading cause of long-term neurological damage, which manifests as behavioral, cognitive or motor defects 3, 4 . DWMI is associated with severely disrupted development of the subcortical white matter 5 and has been linked to the loss of late NG2 cells 6, 7 .
DWMI in preterm infants is associated with reduced expression of GABAergic markers in the cortex, subplate and white matter 8 , and recent studies have identified a reduction in cortical GABA in a clinically relevant mouse model of DWMI 9 . GABA has been recognized as a critical regulator of neuronal development and restricts the proliferation of embryonic and adult neuronal precursor cells 10, 11 and glial fibrillary acidic protein-positive (GFAP + ) subventricular zone stem cells 12, 13 .
In recent studies, neonatal hypoxia has been shown to enhance Notch signaling and downregulate the cell cycle arrest protein p27(Kip1) in NG2 cells, contributing to their disrupted developmental progression and the dysmyelination of subcortical white matter 14, 15 . Enhancing NG2 cell proliferation and maturation results in improved functional outcomes 15 . NG2 cells express GABA A receptors and receive GABAergic synapses from interneurons early in development 16, 17 . Thus, GABAergic signaling during cell cycle progression could provide a mechanism for controlling the proliferation and differentiation of NG2 cells into mature oligodendrocytes in an activitydependent manner.
We examined GABAergic regulation of NG2 cell development in cerebellar white matter. Several studies have identified disrupted cerebellar development as a common feature of brain injury in preterm infants [18] [19] [20] [21] , yet the underlying mechanisms are relatively unexplored. The cerebellum is important not only for motor coordination and motor learning, but also for cognitive function 22, 23 , suggesting that cerebellar abnormalities in infants with DWMI might contribute to the development of cognitive and affective disturbances 24 .
In an established mouse model of chronic hypoxia that reproduces key features of DWMI 6, 25, 26 , we observed delayed Purkinje cell maturation and disrupted cerebellar development. These changes were associated with dysmyelination, extensive proliferation of NG2 cells and a loss of mature oligodendrocytes. We also observed a loss of GABA A receptor-mediated synaptic input to NG2 cells from local white matter interneurons. The effects of hypoxia on oligodendrocyte lineage cells were mimicked by blockade of GABA A receptors or deletion of the chloride-accumulating transporter NKCC1 and were reversed by inhibition of GABA catabolism or uptake. Together, these findings suggest that GABA, acting through GABA A receptors, regulates cerebellar NG2 cell development and that this is altered in a model of diffuse white matter injury.
RESULTS

Neonatal hypoxia disrupts myelination in the cerebellum
To study the effect of hypoxia on the GABAergic regulation of NG2 cells and myelination in cerebellar white matter, we used a mouse model of DWMI 6, 25, 26 . Mice in which oligodendrocyte lineage cells expressed DsRed (NG2DsRed mice) were exposed to hypoxic conditions (10.5% O 2 ) from postnatal days 3 to 11 (P3-11). Initially, a r t I C l e S we examined cerebellar sections from mice at four time points: midway through the hypoxic treatment (P7), immediately following the treatment (P11) and at two ages following return to normoxic conditions (P15 and P30) (Fig. 1a) . Neonatal hypoxia led to changes in cerebellar gross anatomy and cellular development. Specifically, following the hypoxic treatment (P11), there was a reduction in cerebellar size, coupled with structural changes, including a poorly developed intercrural fissure separating cerebellar lobules VI and VII ( Supplementary Fig. 1 ). At P11, these changes were associated with a reduction in the thickness of the molecular layer and a thickening of the external germinal layer (Fig. 1b) .
Purkinje cells are GABAergic neurons that provide the sole output of the cerebellar cortex. Immunofluorescence for a Purkinje cell marker, calbindin, revealed that hypoxic treatment led to marked Effect of hypoxia on thickness of cortical layers at P11. Note the lack of change in internal granule cell layer (IGL, n = 4 mice each, P = 0.21), but reduced thickness of the molecular layer (ML, n = 6 and 5 mice) and increased thickness of the external granule cell layer (EGL, n = 6 and 5 mice). For all panels, bar graph data are presented as mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired Welch two-sample t tests). (c) Representative confocal images of sagittal sections from P11 mice showing calbindin immunofluorescence (green). PCL, Purkinje cell layer. Scale bars represent 50 µm. (d) Effects of hypoxic treatment on Purkinje cell (PC) number. Two-way ANOVA showed a significant main effect of treatment, but no effect of age (P = 0.71) and no interaction between age and treatment (P = 0.83) (n = 4-7 normoxic mice and 4-7 hypoxic mice). There was no effect of hypoxia on Purkinje cell number at any age (P = 0.077, 0.28, 0.72 and 0.45 for P7, P11, P15 and P30, respectively). (e) Hypoxic treatment decreased Purkinje cell length at P7-15. Two-way ANOVA showed significant main effects of hypoxia and age and a significant interaction (n = 4-7 normoxic mice and 5 hypoxic mice at each age). (f) Representative confocal images showing NF200 (green) and MBP (red) immunofluorescence. WM, white matter. Scale bars (top row) represent 50 µm. Boxed areas are shown enlarged in lower row. Scale bars represent 25 µm. Arrowheads indicate myelination of presumptive Purkinje cell axons. Note the reduced myelination of these axons following hypoxia. (g) Hypoxic treatment decreased NF200 immunofluorescence in white matter. Two-way ANOVA showed a significant effect of hypoxia, no significant effect of age (P = 0.96) and no interaction (P = 0.98) (n = 6-10 normoxic mice and 5-12 hypoxic mice). (h) Hypoxic treatment decreased MBP immunofluorescence in white matter. Two-way ANOVA showed significant effects of hypoxia, no effect of age (P = 0.059) and no interaction (P = 0.40) (n = 5-10 normoxic mice and 4-9 hypoxic mice). (i) Electron microscopy images from P11 white matter. Scale bars represent 1 µm. (j) Left, scatter plot of g ratios of individual axons versus axon diameter; pooled data from three normoxic and three hypoxic mice (blue and red, respectively). Fitted lines are linear regressions and shaded areas indicate 95% confidence bands. Right, plot of normalized cumulative probability of g ratio for the three normoxic mice (blue dashed lines) and the three hypoxic mice (red dashed lines). Solid lines are the averaged probability plots and the shaded areas denote the s.e.m. Hypoxia increased the g ratio from 0.81 ± 0.02 to 0.91 ± 0.004. See Supplementary Methods Checklist for full details of statistical tests. (Fig. 1c,d and Supplementary Fig. 2a ). Purkinje cell dendritic length recovered to control values at P30 (Fig. 1e) .
Immunolabeling with antibodies to markers for neurofilament (NF200) and myelin basic protein (MBP) suggested a reduction in the number of myelinated axons in the granule cell layer and white matter (Fig. 1f-h and Supplementary Fig. 2b ). At P11 and P15, the loss of MBP labeling persisted when immunofluorescence was normalized to that of NF200, suggesting hypomyelination rather than axonal loss alone. Notably, hypoxia did not increase apoptosis or axonal damage (Supplementary Fig. 2c-e) . At P30, the MBP/NF200 ratio was not reduced by hypoxia (data not shown). These observations were supported by western blot data: the MBP/NF200 ratio was reduced at P11 (from 0.80 ± 0.09 to 0.39 ± 0.09, t 3.97 = 3.25 P = 0.032), but not at P30 (1.06 ± 0.22 versus 0.73 ± 0.16, t 1.226 = 3.65, P = 0.29, both n = 3, Welch two-sample unpaired t test; Supplementary  Fig. 3a,b) . Although these data suggest partial recovery with age, electron microscopy provided direct evidence for hypomyelination, with increased g ratios at both P11 and P30 (Fig. 1i,j and Supplementary  Fig. 3c,d) . Together, the results are indicative of disrupted cerebellar axonal myelination following neonatal hypoxia.
Neonatal hypoxia delays the development of NG2 cells
We next investigated whether the loss of axonal MBP following neonatal hypoxia was a result of abnormalities in the development of NG2 cells, as has been described previously for subcortical white matter 6, 14 . We examined the proliferation and maturation of NG2 cells in the cerebellar white matter by labeling cells for the oligodendroglia marker Olig2, the cell cycle marker Ki67 and the mature oligodendrocyte marker CC1 (Fig. 2a,b) . Neonatal hypoxia led to an increase in the number of Olig2 + NG2 cells (oligodendrocyte progenitors), an increase in the number of Ki67 + NG2 cells (proliferating NG2 cells) and a decrease in the number of CC1 + cells (mature oligodendrocytes) at P7, 11, 15 and 30 (Fig. 2c) .
Confirming the increase in NG2 cell proliferation following hypoxia, at P11 we observed an increase in the number of oligodendrocyte precursor cells expressing PDGFαR (plateletderived growth factor-α receptor) that were positive for the cell cycle marker BrdU (bromodeoxyuridine) (from 13.2 ± 2.1 to 37.4 ± 3.6 cells per 10 6 µm 3 , t 5.95 = 4.96, P = 0.0019, n = 5 normoxic and 4 hypoxic mice; Welch two-sample unpaired t test). In addition, western blot analysis revealed a corresponding decrease at P7, 11, 15 and 30 in the level of the mature oligodendrocyte marker CNPase (2′,3′-cyclic nucleotide-3′-phosphodiesterase; Supplementary Fig. 4 ). At P60, we identified a recovery in the number of CC1 + NG2 cells in the cerebellar white matter (Fig. 2c) , suggesting a delay in maturation of NG2 cells following hypoxia rather than a persistent block of differentiation.
Decreased Purkinje cell firing following neonatal hypoxia
The proliferation of NG2 cells and their differentiation into myelinating oligodendrocytes has been shown to depend on the activity of neighboring axons 27, 28 . Indeed, NG2 cells in both in gray and white matter receive glutamatergic and GABAergic synaptic input from neurons 16, 17, [29] [30] [31] . Previous studies have reported a loss of GABAergic neurons in the cortical white matter of preterm infants with white matter damage 8 , and delayed interneuron maturation and decreased GABA content in the cortex of mice following perinatal hypoxia 9 . We therefore investigated whether alterations in the development of white-matter NG2 cells following neonatal hypoxia could reflect a reduced GABAergic 'input' from neurons.
First, given that Purkinje cell axons have been suggested as a potential source of inhibitory postsynaptic currents (IPSCs) recorded from NG2 cells in the white matter of the developing cerebellum 32 , we asked whether the changes in the morphology of Purkinje cells following neonatal hypoxia were accompanied by changes in their activity. Using cell-attached recordings in acute slices (P10-11), we observed a clear shift in the pattern of Purkinje cell simple-spike firing ( Supplementary Fig. 5 ). The mean frequency of firing was reduced to <50% of that seen in slices from normoxic mice, indicating a marked change in this potential source of GABAergic input to cerebellar NG2 cells.
Loss of cerebellar interneurons following neonatal hypoxia
Next, using GAD65-GFP mice, we examined the effect of neonatal hypoxia on the prevalence of interneurons in the cerebellar molecular layer and white matter. We found that GAD65 + cells were present in both npg a r t I C l e S the white matter and molecular layer at P11. Unlike NG2 cells, GAD65 + cells were decreased in number by neonatal hypoxia ( Fig. 3a-d) .
In addition, we examined the prevalence of GAD65 + interneurons expressing the transcription factor Pax2. We observed a marked reduction in the number of Pax2 + GAD65 + cells in the white matter following hypoxia (Fig. 3e,f) , suggesting a selective loss of differentiating interneuron progenitors 33 . Consistent with this, at P11 (72 h following BrdU injection at P8) we observed a decrease in the proportion of BrdU + GAD65 + interneurons in the white matter of hypoxic mice (Supplementary Fig. 6 ). An even more pronounced decrease was observed in the molecular layer, suggesting a potential deficit in proliferation. The hypoxia-induced decrease in the number of white-matter interneurons was not associated with any increase in apoptosis (Supplementary Fig. 2d ). These data suggest that hypoxia results in a loss of this potential source of GABAergic input to cerebellar NG2 cells.
Reduced GABAergic input to NG2 cells and interneurons
To determine the source of GABAergic input to cerebellar NG2 cells, we performed whole-cell recordings from white-matter NG2 cells at P7-8. In the presence of 1 µM strychnine hydrochloride, 20 µM 6,7-dinitroquinoxaline-2,3-dione (DNQX) and 20 µM d-(−)-2-amino-5-phosphopentanoic acid (d-AP5; to block AMPA, NMDA and glycine receptors), we observed spontaneous outward currents in 20 of 31 NG2 cells recorded at +30 mV (Fig. 4a,b) . When tested (in four cells), the currents were blocked by the GABA A receptor antagonist SR-95531 (20 µM, data not shown). Across all 31 cells from 13 mice (each recorded for 5 min), the mean frequency of currents was low (0.08 ± 0.03 Hz). For those cells in which the number of spontaneous IPSCs (sIPSCs) was sufficient to allow a determination of their mean amplitude (13 cells with 17-50 currents each), the mean peak amplitude was 18.5 ± 3.1 pA and the τ w, decay (Online Methods) was 92.8 ± 11.8 ms.
Although some cells had currents with average 10-90% rise times ≤1 ms, the mean rise time across all 13 cells was relatively slow (2.5 ± 0.6 ms), similar to that reported previously for cerebellar whitematter NG2 cells in rat 32 . We found that, in each of four NG2 cells tested, the frequency of spontaneous IPSCs was reduced by application of 1 µM tetrodotoxin (TTX; normalized frequency 0.50 ± 0.12, t 3 = −4.11, P = 0.026, one-sample t test), suggesting that IPSCs originate from neurons, and are ordinarily dependent on the activation of voltage-gated Na + channels. We also found that, in the presence of TTX, application of hyperosmotic sucrose increased miniature IPSC (mIPSC) frequency (Supplementary Fig. 7) . Moreover, following pre-treatment of the slices with bafilomycin A1 (2 µM), a specific inhibitor of the vesicular proton pump (V-type ATPase), mIPSCs were absent (12 cells from 3 mice, data not shown). These observations provide strong support for a vesicular origin of the IPSCs in NG2 cells 34 . Notably, neonatal hypoxia led to a marked decrease in the prevalence of NG2 cells with sIPSCs, from 65% (as described above) to 7% (2 of 29 cells from 9 mice; Fig. 4a,b) . Across cells, the overall frequency of currents was reduced by 99% and phasic charge transfer (Online Methods) was reduced by 75% (Fig. 4b) .
The formation of GABAergic synapses between molecular layer interneurons is known to precede their morphological and neurochemical differentiation 35 . Consistent with synaptogenesis being an early step in interneuron maturation, we observed sIPSCs in almost all of the recordings from GAD65 + neurons in the white matter at P7-8 (27 of 31 cells from 10 mice; Fig. 4c,d ). In parallel with the disrupted GABAergic input to NG2 cells, we also observed a decrease in the prevalence of interneuron sIPSCs following hypoxia (8 of 18 cells from 7 mice). Although there was no change in sIPSC mean amplitude or decay (peak amplitude 22.9 ± 2.5 pA to 18.8 ± 4.2 pA, t 5.44 = 0.70, P = 0.51; τ w, decay 52.0 ± 5.5 ms to 51.0 ± 13.7 ms, t 4.03 = 0.06, P = 0.95; n = 25 and 4 cells from 3 and 10 mice, respectively; Welch two-sample unpaired t test), there was a 49% decrease in the number of whitematter interneurons with sIPSCs, a 74% decrease in overall sIPSC frequency and a 68% decrease in phasic charge transfer (Fig. 4c,d ).
NG2 cells are innervated by local interneurons
Carbachol, a muscarinic acetylcholine receptor agonist, has been shown to potently activate hippocampal interneurons, resulting in an npg a r t I C l e S increased frequency of sIPSCs in hippocampal NG2 cells 16, 36 . We found that carbachol (10 µM) increased the frequency of sIPSCs in whitematter NG2 cells from normoxic, but not hypoxic, mice (Fig. 5a,b) , consistent with a loss of presynaptic input. GABA A receptors were present in NG2 cells following hypoxia, as infrequent synaptic events were still observed (Fig. 5a ) and whole-cell currents could be evoked by bath application of GABA (data not shown). Recent studies have demonstrated that carbachol can directly activate muscarinic receptors in NG2 cells 37 , raising the possibility that the increase in sIPSC frequency could be independent of neuronal input. However, Fig. 7 ). The effect of carbachol on sIPSC frequency appeared to reflect an increase in the synaptic input from white-matter interneurons rather than from Purkinje cells, as carbachol markedly increased the firing of GAD65 + white-matter interneurons (Fig. 5b) while having no effect on the firing of Purkinje cells (Fig. 5c) . In addition, electrical stimulation in the Purkinje cell layer failed to evoke IPSCs in white-matter NG2 cells, but did evoke IPSCs in the majority of whitematter interneurons (data not shown). Furthermore, application of the specific SK2 channel inhibitor apamin (100 nM), which produced a marked increase in Purkinje cell firing and bursting ( Fig. 5d) without affecting the firing of white-matter interneurons (Fig. 5e) , did not alter the frequency of sIPSCs in NG2 cells (0.034 ± 0.045 Hz to 0.053 ± 0.020 Hz, P = 0.30, n = 6 cells from 3 mice, Welch two-sample paired t test). Together, these results suggest that cerebellar white matter NG2 cells are innervated by local interneurons.
GABAergic signaling regulates NG2 cell development in vivo
We next investigated whether manipulation of GABAergic transmission in vivo could alter the proliferation and differentiation of NG2 cells. To do this, we initially injected NG2DsRed mice daily from P5-11 with the GABA A receptor antagonist bicuculline and examined immunolabeling for Olig2, Ki67 and CC1 in the cerebellar white matter. Treatment with bicuculline (1 mg per kg of body weight, intraperitoneal, i.p.) resulted in a more than twofold increase in the number of Olig2 + NG2 cells, a greater than threefold increase in the number of Ki67 + NG2 cells and a 40% decrease in the number of CC1 + cells (Fig. 6a and Supplementary Fig. 8a ). We also examined the effect of increasing the availability of GABA by treating mice with the GABA transporter inhibitor tiagabine (50 mg per kg i.p., P5-11) or the GABA transaminase inhibitor vigabatrin (100 mg per kg i.p., P5-11). In marked contrast with the effects of bicuculline, both tiagabine and vigabatrin decreased NG2 cell proliferation and increased the number of mature oligodendrocytes compared with vehicle-injected mice ( Fig. 6a and Supplementary Fig. 8a ).
Do these changes in NG2 cell development reflect altered GABA A receptor-mediated signaling to NG2 cells? To address this, we examined the effect of GABA A receptor drugs on the proliferation of purified cortical NG2 cells in culture (Online Methods). Treatment with bicuculline (50 µM) did not affect NG2 cell proliferation. Conversely, the agonist muscimol (100 µM) produced a decrease in the number of BrdU + NG2 cells ( Supplementary  Fig. 8b) . Thus, GABA A receptors on NG2 cells can directly influence their proliferation.
In both neuronal and glial precursors, GABA causes depolarization as a result of the expression of Na + -K + -Cl − co-transporter 1 (NKCC1), which maintains an elevated intracellular chloride 13, 16, 38, 39 . Consistent with a role for GABAergic signaling in the regulation of NG2 cells, cerebellar sections from mice deficient in NKCC1 displayed changes similar to those seen with bicuculline. Thus, at P7, 11 and 15, Nkcc1 −/− mice showed increased proliferation of white-matter NG2 cells and decreased numbers of mature CC1 + oligodendrocytes compared with littermate controls (Fig. 6b and Supplementary Fig. 9 ). Graphs are presented as mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired Welch two-sample t tests).
npg a r t I C l e S
To determine the role of GABA-mediated depolarization in NG2 cells specifically, we crossed Nkcc1 loxP/loxP mice (in which the Nkcc1 gene was flanked with loxP sites) with Rosa26-yfp reporter mice. The offspring were crossed with Pdgfra-creER T2 mice, allowing the selective knockout of NKCC1 from NG2 cells and the persistent identification of oligodendrocyte lineage cells (Online Methods). We compared Pdgfra-creER T2 ; Nkcc1 loxP/loxP ; Rosa26-yfp with littermate controls (Pdgfra-creER T2 ; Nkcc1 loxP ; Rosa26-yfp) at P15 and determined the percentage of GFP + oligodendrocyte lineage cells that expressed NG2, Ki67 or CC1, and the intensity of MBP labeling in the white matter. The selective deletion of NKCC1 from NG2 cells increased the proportion of oligodendrocyte lineage cells that expressed NG2, increased the proportion of cells that expressed Ki67, reduced the proportion of cells that expressed CC1 and reduced MBP labeling in the white matter (Fig. 6c,d) . Of note, the number of CC1 + GFP + cells in the littermate controls was not different from that seen in Pdgfra-creER T2 ; Rosa26-yfp mice (data not shown). Together, these data are consistent with the idea that GABA A receptor-mediated depolarization promotes the development of cerebellar NG2 cells in vivo.
Vigabatrin and tiagabine ameliorate the effects of hypoxia Next, we asked whether increasing the availability of GABA in vivo after hypoxia could influence the proliferation and differentiation of NG2 cells. Following hypoxic treatment (P3-11), we injected mice daily for 5 d (P11-15) with tiagabine (50 mg per kg i.p.), vigabatrin (100 mg per kg i.p.) or saline. We prepared cerebellar sections at P15 from hypoxic and normoxic drug-treated and control animals and examined immunolabeling for Olig2, Ki67 and CC1 in the cerebellar white matter. Both treatments reduced the number of Olig2 + and Ki67 + NG2 cells, whereas tiagabine increased the number of CC1 + cells (Fig. 7a,b and Supplementary Fig. 10) . Following vigabatrin or tiagabine, the number of mature oligodendrocytes was not different from that in untreated normoxic animals.
To determine whether the restoration of mature oligodendrocyte numbers was associated with recovery of myelination, we examined MBP immunolabeling. Following tiagabine treatment, MBP expression, as determined by fluorescence intensity, was indeed increased (Fig. 7c,d) . Together, these data suggest that enhancing GABA availability in vivo following hypoxia enhances the cellular progression of NG2 cells and promotes oligodendrogenesis and myelination.
DISCUSSION
Using a clinical relevant in vivo mouse model of DWMI, we found that chronic neonatal hypoxia results in dysregulated development of cerebellar white-matter NG2 cells, leading to hypomyelination. This effect was associated with disruption of GABAergic signaling from white-matter interneurons to NG2 cells. In addition, we found that treatment of mice with drugs known to modify GABA levels and/or GABA A receptor-mediated signaling altered the developmental progression of NG2 cells into mature oligodendrocytes. Equivalent results were also obtained by selectively abating the Cl − transporter NKCC1 in NG2 cells. Together, our findings suggest that reduced GABAergic synaptic transmission contributes to the cerebellar hypomyelination seen in DWMI. Our findings are relevant not only to the understanding of cerebellar maturation and the etiology of DWMI, but also to the development of therapies to promote repopulation of damaged brain regions with myelinating oligodendrocytes 15 .
Neonatal hypoxia disrupts cerebellar myelination Our observation of reduced myelin formation following hypoxia echoes the decreases in cerebellar white-matter volume detected in premature neonates with DWMI 21, 40 . We found that neonatal showing that, following hypoxia, tiagabine (P11-15) promoted recovery of MBP. Data are presented as mean ± s.e.m. Asterisks denote the significance of differences between saline and drug in hypoxic mice (**P < 0.01, ***P < 0.001), and hash symbols denote the significance of differences between all conditions and normoxic saline-injected controls ( # P < 0.05, ## P < 0.01, ### P < 0.001; n.s., not significant; Welch two-sample unpaired t test with Holm's sequential Bonferroni correction for repeated tests; for details, see Supplementary Methods Checklist). npg a r t I C l e S hypoxia resulted in increased proliferation of NG2 cells in the cerebellar white matter and a reduction in the number of mature CC1 + oligodendrocytes. In premature infants, the highest risk for DWMI is around 23-32 weeks of gestation. This time period corresponds to the onset of premyelinating oligodendrocyte production and early white-matter myelination. Motor impairment and the development of cognitive defects have been linked to cerebellar damage in premature infants 21, 24 , and Purkinje cell abnormalities have been seen in post mortem studies of patients with autism spectrum disorders (ASDs) and in a mouse model of ASD 23 . Thus, it seems likely that the cerebellar dysmyelination seen in our model of DWMI may be clinically relevant.
Neonatal hypoxia disrupts GABAergic signaling in the cerebellar white matter Neonatal hypoxia, in addition to disrupting the development of GABAergic Purkinje cells, resulted in a loss of proliferating GAD65 + interneuron progenitors in the cerebellar white matter. A similar loss has been reported in mice deficient for the DNA repair factor XRCC1, an effect linked to an increase in the expression of the cell cycle arrest protein p53 (ref. 41) . Moreover, loss of the cell cycle protein cyclin D2 has also been shown to lead to a loss of cerebellar molecular layer interneurons 42 , suggesting that control of proliferation is critical for interneuron development. Notably, mice lacking XRCC1 also have reduced hippocampal CNPase 41 , suggesting that a reduction in GABAergic signaling could also alter the generation of mature oligodendrocytes in the hippocampus.
NG2 cells express GABA A receptors 16, 39 and, in the cortex 31 , hippocampus 16, 17, 30 and cerebellum 32 , these cells receive GABAergic synaptic input during the first postnatal week. Purkinje cells have been suggested to provide GABAergic synaptic input to cerebellar NG2 cells 32 . In contrast, our recordings from cerebellar white-matter NG2 cells at P7-8 suggest that they receive GABAergic synaptic input solely from local GAD65 + interneurons. The sIPSCs in NG2 cells had varied rise times, suggesting that they may result from both direct synaptic contact and GABA spillover. Following neonatal hypoxia, we observed a marked a loss of GABAergic currents in cerebellar white-matter NG2 cells, and disrupted differentiation of NG2 cells into mature oligodendrocytes, suggesting that GABAergic activity may regulate this process. Of note, a loss of mature oligodendrocytes has also been detected in an animal model of Rett syndrome 43 , in which GABAergic synaptic transmission is reduced 44 .
GABAergic regulation of NG2 cell development GABA is known to be important in the regulation of neurogenesis, as GABAergic synaptic input to neuronal precursor cells promotes the survival and maturation of neuronal progenitors 11, 45 . In recent studies, GABA has been shown to reduce proliferation of neuronal stem cells via activation of two PIKK family members, the ataxia-telangiectasia mutated (ATM) and ATM Rad 3-related (ATR) kinases, leading to the phosphorylation of the histone variant H2AX (γH2AX) 12, 46 . An ability of GABA to regulate the cell cycle progression and development could also be involved in NG2 cell development.
In hippocampal NG2 cells from young rats, GABA is depolarizing, as a result of the expression of NKCC1 (ref. 39) . We found that mice lacking NKCC1, either globally or specifically in NG2 cells, exhibited increased proliferation of cerebellar NG2 cells and a reduction in the number of mature oligodendrocytes. We previously linked proliferation of NG2 cells and dysmyelination of the subcortical white matter following chronic hypoxia with loss of the cell cycle arrest protein p27 KIP1 (ref. 14) . In this regard, it is particularly interesting to note that, in retinal progenitor cells, where GABA maintains proliferation, p27 KIP1 is downregulated by GABA A receptor-mediated depolarization 47 . These results suggest that GABA-mediated depolarization in NG2 cells could provide a regulatory pathway for controlling NG2 cell development.
Our results suggest potential therapeutic avenues for promoting the repopulation of myelinating oligodendrocytes in DWMI. Following hypoxia, we found that treatment with the established anti-epileptic drugs tiagabine or vigabatrin decreased the proliferation of NG2 cells and increased the number of mature oligodendrocytes to control levels. Although treatment of neonates with anti-epileptics may be beneficial in terms of DWMI-induced dysmyelination, our findings raise the possibility that the use of such drugs to treat infants with perinatal seizures may itself perturb myelination. This deserves investigation.
Activation of Notch signaling inhibits differentiation of oligodendrocyte precursors 48 . Recently, we have shown that intranasal epidermal growth factor (EGF) treatment or enhancement of EGF receptor signaling in NG2 cells by inhibiting Notch signaling have the capacity to rescue white-matter loss in DWMI 15 . Other studies have shown that over-activity in the Wnt signaling pathway following hypoxia also causes arrest in the maturation of oligodendrocyte precursors 49 . While our manuscript was in revision, a study was published that identified a role for HIF1/2a activity and autocrine Wnt7a/7b signaling in regulating OPC maturation and the response to hypoxia 50 . How these different levels of regulation combine to determine NG2 cell proliferation and differentiation remain unknown. Nevertheless, our findings on the GABAergic regulation of oligodendrocyte lineage progression suggest that modulation of GABAergic signaling in DWMI may offer a complementary approach to ameliorate the devastating effects of this currently untreatable condition.
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